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GM130 regulates pulmonary surfactant protein secretion in
alveolar type II cells
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Pulmonary surfactant is a lipid-protein complex secreted by alveolar type II epithelial cells and is essential for the maintenance of
the delicate structure of mammalian alveoli to promote efficient gas exchange across the air-liquid barrier. The Golgi apparatus
plays an important role in pulmonary surfactant modification and secretory trafficking. However, the physiological function of
the Golgi apparatus in the transport of pulmonary surfactants is unclear. In the present study, deletion of GM130, which encodes
for a matrix protein of the cis-Golgi cisternae, was shown to induce the disruption of the Golgi structure leading to impaired
secretion of lung surfactant proteins and lipids. Specifically, the results of in vitro and in vivo analysis indicated that the loss of
GM130 resulted in trapping of Sftpa in the endoplasmic reticulum, Sftpb and Sftpc accumulation in the Golgi apparatus, and an
increase in the compensatory secretion of Sftpd. Moreover, global and epithelial-specificGM130 knockout in mice resulted in an
enlargement of alveolar airspace and an increase in alveolar epithelial autophagy; however, surfactant repletion partially rescued
the enlarged airspace defects in GM130-deficient mice. Therefore, our results demonstrate that GM130 and the mammalian
Golgi apparatus play a critical role in the control of surfactant protein secretion in pulmonary epithelial cells.
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INTRODUCTION

The pulmonary system is the largest surface of our body that
is exposed to the environment to facilitate its gas exchange
function. The alveoli occupy more than 99% of the internal
surface area of the lung and are closely connected with the
surrounding capillaries to form an air-blood barrier, which
directly participates in gas exchange (Branchfield et al.,
2016; Morrisey and Hogan, 2010; Yu et al., 2007). The al-

veolar surface is lined by two types of epithelial cells, al-
veolar type I (ATI) cells and alveolar type II (ATII) cells
(Morrisey and Hogan, 2010). Flattened ATI cells cover ap-
proximately 95% of the alveolar surface serving as a thin
barrier between the blood and air and functioning as the
signaling partners of ATII cells (Andreeva et al., 2007). ATII
cells are stem cells in the alveolar regions that can to self-
renew and differentiate into ATI cells (Wang et al., 2007);
however, the main function of ATII cells is to synthesize and
secrete pulmonary surfactant (Orgeig et al., 2010).
Pulmonary surfactant is a lipid-protein complex that forms
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interfacial films that line the alveolar airspace to reduce
surface tension at the air-blood interface and protect the al-
veolar architecture during the respiration cycle (Casals and
Cañadas, 2012). Surfactant is composed of approximately
90% lipids and 10% proteins. Phosphatidylcholine (PC) is
the predominant component of surfactant lipids (Goss et al.,
2013) in addition to low amounts of phosphatidylglycerol
(PG), phosphatidylethanolamine (PE), phosphatidylinositol
(PI), phosphatidylserine (PS), and lysophosphatidylcholine
(LPC) (Goerke, 1998; Serrano and Pérez-Gil, 2006). Four
known surfactant proteins (SPs) are classified into two
groups: hydrophobic and hydrophilic. Hydrophobic SPs,
Sftpb and Sftpc, are essential in facilitating the adsorption
and stabilization of the surfactant film (Cabré et al., 2018;
Curstedt et al., 1987), whereas hydrophilic SPs, Sftpa and
Sftpd, are involved in the immune response to foreign enti-
ties (Crouch and Wright, 2001).
Pulmonary SP secretion is a tightly regulated process. In

ATII cells, surfactant proteins are synthesized in the en-
doplasmic reticulum (ER) and transported to the Golgi ap-
paratus (GA) (Brasch et al., 2004). Newly synthesized pro-
surfactant proteins B and C are further transported from the
GA to the lamellar bodies (LBs) via multivesicular bodies
(MVBs) (Matsumura et al., 2006). During the trafficking
process from GA to MVBs, Sftpb and Sftpc precursors un-
dergo glycosylation or palmitoylation and proteolytic clea-
vage (Guttentag, 2008; Roldan et al., 2015). Pro-Sftpb and
pro-Sftpc precursors become fully mature along their traf-
ficking route to LBs, where they then integrate into the
surfactant lipid-protein complexes and, upon fusion of LBs
with the plasma membrane, are secreted into the alveolar
airspace (Johansson and Curstedt, 1997). Other proteins re-
covered in surfactant, including Sftpa and Sftpd, are secreted
directly from the GA in an LB-independent manner (Froh et
al., 1993; Ikegami and Jobe, 1998). Pulmonary function is
dependent upon the precise regulation of alveolar surfactant.
Surfactant deficiency impairs ventilation, causes lung injury,
and is a major cause of mortality in premature children
(Griese et al., 2015; Whitsett et al., 2015). Therefore, iden-
tification of the molecular pathways that regulate alveolar
surfactant homeostasis will be a major therapeutic advance
for patients with lung diseases induced by disruption of
surfactant homeostasis.
GM130 was initially identified as a Golgi matrix protein

localized at the cis-side of the GA to maintain its structural
integrity (Marra et al., 2007; Nakamura et al., 1995). Evi-
dence collected from in vitro systems suggests that GM130 is
required for ER-to-Golgi transportation, protein glycosyla-
tion, cell cycle progression, and cell migration (Baschieri et
al., 2014; Wei et al., 2015; Weide et al., 2001). However, the
physiological functions of GM130 in pulmonary epithelial
cells have not been investigated. The results of this study
demonstrated that GM130 is essential for GA structural

maintenance in pulmonary ATII cells. Inactivation of
GM130 resulted in inhibited SP secretion accompanied by
enlarged alveolar airspace and autophagy in alveolar epi-
thelial cells. Thus, our data demonstrated an essential role of
GM130 and mammalian Golgi structure during pulmonary
SP secretion and postnatal lung development.

RESULTS

GM130 deficiency causes enlargement of the lung air
space in mice

Our previous work has shown that GM130 is expressed at
high levels in the lung compared to other tested organs (Liu
et al., 2017), which prompted us to investigate the in vivo
function of GM130 during lung development. The results of
histological analysis of inflated lung structures of GM130−/−

mice at various developmental stages indicated a consider-
able enlargement of the alveolar airspace in the lungs of
GM130−/− mice at P14 and P28; however, no apparent dif-
ferences between the control and GM130−/− mice were ob-
served at E18.5 (Figure 1A). The mean linear intercept
(MLI), which describes the mean free distance in airspace
and is a surrogate parameter for alveoli, was significantly
larger in the lungs of GM130−/− mice than that in the control
mice (Figure 1B). These findings suggest that GM130 is
required for postnatal lung development in mice.
To assess whether GM130 deletion affects alveolar epi-

thelial cell differentiation, immunofluorescence costaining
was performed using antibodies against ATI and ATII cells.
All analyzed alveolar epithelial markers, including Aqp5,
Ager, Sftpc, and Abca3, were expressed in the lungs of
GM130−/− mice (Figure 1C). The results of quantitative RT-
PCR (qRT-PCR) analysis showed comparable expression
levels of ATI and ATII marker genes in GM130+/+ and
GM130−/− mice (Figure 1D) suggesting that alveolar epi-
thelium differentiation occurs in GM130−/− mice. Elastin
deposition and secondary septa generation also appeared
normal in the lungs of GM130−/− mice (Figure 1E). Because
GA function is required for protein glycosylation (Puthen-
veedu et al., 2006), Alcian blue and periodic acid-Schiff
(AB-PAS) staining was performed to detect glycoproteins in
the lungs of GM130−/− mice. A decrease in glycoproteins
was detected in alveoli of GM130−/− mice (Figure 1F) im-
plying that GM130 deficiency inhibits the secretion of gly-
coproteins in the lungs.

GM130 is required for Golgi architecture maintenance
in ATII epithelial cells

GM130 is a cis-Golgi matrix protein required for stacking of
Golgi cisternae and Golgi structural maintenance (Barinaga-
Rementeria Ramirez and Lowe, 2009); thus, we analyzed the
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morphology of GA in the control and GM130−/− ATII cells.
In GM130+/+ ATII cells, the data of transmission electron
microscopy (TEM) revealed a well-organized ribbon-like
structure of the Golgi complex with cisternae appearing in a
typical arrangement of flattened saccules (Figure 2A).
However, in GM130−/− ATII cells, the ribbon-like structure
of the Golgi complex was destroyed, and the residual cis-
ternae consisted of disorganized vesicles and dilated tubules
(Figure 2A). On the other hand, the MVB and LB, which are
two other specific membranous organelles required for SP
secretion in ATII cells, remained normal in GM130−/− mice
(Figure 2B). Thus, these observations demonstrate that
GM130 is essential for GA structural maintenance in pul-
monary ATII epithelial cells.

GM130 absence in the pulmonary epithelium inhibits
lipid secretion in alveoli

To further investigate the role of GM130 during lung de-
velopment, we conditionally inactivated GM130 in the pul-

monary epithelium by generating triple-transgenic mice
GM130fl/fl;SPC-rtTA;TetO-Cre (referred to as GM130epko).
Knockdown of GM130 in the lung tissues was detected by
Western blot (Figure S1A in Supporting Information). His-
tological analysis showed that the alveolar airspaces were
significantly increased inGM130epkomice (Figure S1B and C
in Supporting Information), and the secretion of glycopro-
teins inGM130epko alveoli was also decreased (Figure S1D in
Supporting Information), thereby phenocopying the defects
found in global GM130 knockout mice.
To investigate whether the biosynthesis and secretion of

lipids are affected in GM130 knockout mice, lipidomic
analyses were performed using bronchoalveolar lavage
(BAL) and the remaining lung tissue. We found that most
surfactant lipid components, including phosphatidylcholine
(PC) and dipalmitoyl phosphatidylcholine (DPPC), which is
the predominant component of PC in lung surfactant, were
present at higher levels in the lung tissues of GM130epkomice
compared with those in the control mice (Figure 2C and D).
Ganglioside GM3 is a ganglioside that plays a role in the

Figure 1 Loss of GM130 results in enlarged air spaces in the lungs. A, Representative images of hematoxylin and eosin (H&E)-stained lung sections of
GM130+/+ and GM130−/− mice at embryonic day 18.5 (E18.5), postnatal day 14 (P14), or postnatal day 28 (P28). Scale bars: 100 µm. B, Multiple H&E
images of the lungs of GM130+/+ and GM130−/− mice were analyzed for the MLI. n=8 animals per group. Data are presented as the means±SD. **, P<0.01. C,
Representative immunostaining images showing that both alveolar type I (Ager or Aqp5)- and type II (Abca3 or Sftpc)-specific epithelial markers were
normally expressed in the lungs of GM130−/− mice. Scale bars: 20 µm. D, qRT-PCR analysis of the expression of the indicated genes in the lungs of GM130+/+

and GM130−/− mice. The data were normalized to the GAPDH expression levels. The data are represented as the means±SD. n=5 biological replicates of three
independent experiments. E, Gomori aldehyde-fuchsin staining showing similar elastin deposition in the lungs of GM130+/+ and GM130−/− mice. Black
arrows indicate elastin. Scale bars: 20 µm. F, Representative Alcian blue and periodic acid-Schiff (AB-PAS) staining of lung sections showing a decrease in
glycoproteins in the alveoli of GM130−/− mice. Black arrows indicate positive signals. Scale bars: 20 µm.
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suppression of cancer development and progression; the le-
vel of GM3 was significantly decreased in the lung tissues of
GM130epko mice, while the levels of ceramide (Cer) and
glucosylceramide (GlcCer) (Hakomori and Handa, 2015),
which are the common precursors of various glyco-
sphingolipids (van Meer and Hoetzl, 2010), were dramati-
cally increased (Figure 2E) implying attenuated
glycosphingolipid biosynthesis in the lungs of GM130epko

mice. In the BAL fractions, the levels of most of the lipids
were similar in GM130epko and control mice. The levels of a
few lipid class components, including PE, LPC, SM, and
Cer, were significantly decreased (Figure 2F and G), im-
plying compromised secretion of these lipid components in
the absence of GM130 in the pulmonary epithelium. Overall,
these data imply that GM130 loss selectively inhibits lipid

biosynthesis and secretion in pulmonary epithelial cells.

GM130 regulates the secretion of surfactant proteins

Because of the differences in the morphology of the Golgi
complex in GM130−/− cells, it was of interest to investigate
whether SP secretion is affected in the lungs of GM130
knockout mice. The BAL fractions from the control and
GM130epko mice were analyzed to detect the secreted protein
levels. Coomassie blue staining of BAL proteins identified a
specific band that was abundant in control mice but was
barely detectable in theGM130epko BAL samples (Figure 3A,
left). Mass spectrometry analysis showed that this band
contains unique mature Sftpb and mature Sftpc peptides
(Figure 3A, right), implying that Sftpb and Sftpc secretion is

Figure 2 (Color online) Disrupted Golgi structure and impaired lipid biosynthesis and secretion in GM130 knockout mice. A and B, Representative TEM
images of lung sections of GM130+/+ and GM130−/− mice. White curve indicates a fragmented Golgi region in the lungs of GM130−/− mice. Boxed areas in
low magnification images (left) are displayed at higher magnification (right). Scale bars: 0.5 µm. C, Heatmap generated based on the lipidomics data shows
that the GM130 mutant has higher levels of most lipids in the lungs compared with those in the control. D–G, Quantification of lipid levels in lung tissue (D
and E) and BAL (F and G) of control and GM130epko mice. Data are presented as the mean±SD. n=4 biological replicates per group. *, P<0.05; **, P<0.01
(Kruskal-Wallis test). TAG, triacylglycerol; SM, sphingomyelin.
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impaired in GM130epko mice. A decrease in the expression of
mature Sftpb and Sftpc in BAL was confirmed by Western
blot (Figure 3B). Moreover, an increase in Sftpd expression
and a decrease in Sftpa expression were detected in
GM130epkomice (Figure 3B). On the other hand, the levels of
all tested SPs, including pro-Sftpb, pro-Sftpc, Sftpa, and
Sftpd, were dramatically increased in the lung tissues of
GM130epko mice (Figure 3C). Interestingly, Sftpa or pro-
Sftpb accumulation was not detected in the lungs ofGM130−/−

mice until P35, whereas the levels of pro-Sftpc and Sftpd
were considerably increased in GM130−/− mice starting at P0
(Figure 3D). Overall, these experiments demonstrate that
GM130 deficiency selectively inhibits SP secretion in the
pulmonary epithelium.

Deletion of GM130 selectively inhibits SP trafficking
in MEFs

To confirm impaired SP secretion, we constructed green
fluorescent protein (GFP)-tagged SP vectors and examined
the localization and transport of these GFP-SP fusion pro-
teins in mouse embryonic fibroblasts (MEFs). Immuno-
fluorescence staining showed that Sftpc protein colocalized
with the GFP signal (Figure S2A in Supporting Information)
suggesting that GFP fluorescence represents SP localization

in transfected MEFs. We then assessed SP location in MEFs
24 h after transfection. Scattered punctate distribution of
GFP-SP was detected in the cytoplasm of GM130+/+ MEFs;
however, the GFP signals of Sftpb and Sftpc showed very
prominent cluster-like aggregates in GM130−/− MEFs (Fig-
ure S2A and B in Supporting Information). Similar structures
and diffuse cytoplasmic signals were observed in GFP-Sftpa-
transfected GM130−/− cells (Figure S2B in Supporting In-
formation), whereas GFP-Sftpd-transfected cells showed
punctate cytoplasmic localization similar to that in the con-
trol cells (Figure S2B in Supporting Information). Since SPs
are transported from the ER to GA, we determine whether
these aggregated SPs (Sftpa, Sftpb, and Sftpc) are trapped in
the ER or in the GA. Immunostaining of Sec61b, Golgin-84,
or TGN38 showed that the diffuse cytoplasmic and ag-
gregated cluster-like GFP-Sftpa signals were colocalized
with the ER marker Sec61b in GM130−/− MEFs (Figure S3A
in Supporting Information), whereas aggregated GFP-Sftpb
and GFP-Sftpc were predominantly localized in the GA
(Figure 4A and B). Finally, we analyzed the transport by
assaying GFP-SP localization at various time points after the
transfection. In the control cells, cytoplasmic GFP-SP sig-
nals became scattered, had a punctate distribution, started to
fade 24 h after the transfection, and almost disappeared at
48 h suggesting GFP-SP secretion within the cells (Figure

Figure 3 Loss of GM130 inhibits the secretion of SPs in pulmonary epithelial cells. A, Inhibition of secretion of mature Sftpb and mature Sftpc in
GM130epko mice. Left panel, Coomassie blue staining of BAL proteins of the control and GM130epko mice. Right panel, unique peptides of mature Sftpb and
mature Sftpc identified by mass spectrometry analysis. B and C, Western blot analysis of SP expression levels in BAL (B) and lung tissues (C) of the control
and GM130epko mice. D, Western blot analysis of SP expression levels in the lung tissues of GM130+/+ and GM130−/− mice at the indicated developmental
stages. GAPDH was used as an internal control.
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4C and D; Figure S3B and C in Supporting Information). In
contrast, GFP-SPs were trapped and accumulated either in
the ER (GFP-Sftpa) or GA (GFP-Sftpb and GFP-Sftpc) in
GM130−/− MEFs in a time-dependent manner (Figure 4C–F;
Figure S3B in Supporting Information). Moreover, Western
blot analysis demonstrated a significant increase in full-
length GFP-pro-Sftpb and GFP-pro-Sftpc expression in
GM130−/− MEFs (Figure S3D in Supporting Information)
consistent with the results obtained in the lung tissues of
GM130−/− mice, which showed the accumulation of pro-
Sftpb and pro-Sftpc proteins (Figure 3C and D). Overall,

these results imply that GM130 is essential for Sftpa, Sftpb,
and Sftpc transport within MEFs.

GM130 is required for SP trafficking in lung ATII cells

To determine whether GM130 is required for SP secretion in
vivo, we analyzed the subcellular localization and expression
of SPs in lung ATII cells by coimmunofluorescence staining.
Consistent with the observations in GM130−/− MEFs, sig-
nificantly increased expression of all SP members was ob-
served in ATII cells in the absence of GM130 (Figure 5A–C;

Figure 4 Trapping of GFP-Sftpb and GFP-Sftpc in GA in GM130−/− MEFs. A and B, Representative immunofluorescence images showing the subcellular
localization of GFP-Sftpb (A) and GFP-Sftpc (B) in MEFs generated from GM130+/+ and GM130−/− mice. MEFs were transfected with GFP-Sftpb (A) or
GFP-Sftpc (B) constructs, and the staining was performed 12 h later using anti-Sec61b (ER marker), anti-Golgin-84 (cis-Golgi marker), or anti-TGN38
(trans-Golgi marker) antibodies. Scale bars: 25 µm. C and D, Expression patterns of GFP-Sftpb (C) and GFP-Sftpc (D) in MEFs 12, 24, and 48 h after the
transfection. Cells were immunostained with anti-Golgin-84 antibody to label GA. Scale bars: 25 µm. E and F, of Sftpb (E) and Sftpc (F) fluorescence
intensity in MEFs 12, 24, and 48 h after the transfection. Values are the mean±SD; n>20 cells from 3 independent experiments; **, P<0.01 (Student’s t-test).
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Figure S4A–C in Supporting Information). Except for Sftpd,
which displayed a scattered cytoplasmic distribution similar
to that in the control cells, other SPs, including Sftpa, Sftpb,
and Sftpc, were aggregated on a large-scale with con-
centrated fluorescence signals in GM130−/− ATII cells
(Figure 5A and B; Figure S4A in Supporting Information).
Subsequent analysis showed that these aggregates are colo-
calized with ER markers (for Sftpa) (Figure S4A in Sup-
porting Information) or GA markers (for Sftpb and Sftpc)
(Figure 5A and B). Notably, a small fraction of Sftpb or Sftpc
was detected in the fragments of GA and LBs (Figure 5A and
B), implying a normal GA-to-LB transport. Overall, these
data suggest that GM130 inactivation impairs pulmonary
surfactant secretion in vivo.

Deletion of GM130 triggers autophagy in pulmonary
epithelial cells

The data derived from various sources suggested that Golgi
fragmentation causes the accumulation of misfolded proteins
and induces ER stress, and prolonged ER stress may trigger
autophagy and apoptosis (Joachim et al., 2015; Lawson et al.,
2011). To assess whether ER stress is induced in the lungs of
GM130−/− mice, we assayed the expression of ER stress
proteins by Western blot. As shown in Figure 6A, the protein
levels of inositol-requiring enzyme 1 (IRE-1), binding im-
munoglobulin protein (Bip), and the activated form of X-box
binding protein (XBP1) were not increases in the lungs of
GM130−/− mice. Moreover, no significant increase in the
percentage of apoptotic ATII cells was observed in the lungs
of GM130−/− mice (Figure 6B and C) implying that GM130
deletion did not induce ER stress or ATII apoptosis.
To determine whether GM130 loss is associated with au-

tophagy, Western blot was used to detect the conversion of
microtubule-associated proteins 1 light chain 3-I (LC3-I) to
LC3-II in GM130+/+ and GM130−/− mice. LC3-I and LC3-II
are the cellular forms of LC3 protein; LC3-I is the cyto-
plasmic form processed by enzymatic cleavage into LC3-II,
which is the autophagosome membrane-bound form

(Klionsky et al., 2016). Therefore, the level of LC3-II protein
is commonly used to monitor the formation of autophago-
somes. GM130 deletion caused a significant increase in the
levels of the LC3-II protein in a time-dependent manner
(Figure 6D and E), and an increase in the ratio of LC3-II+

cells was observed in the lungs of GM130−/− mice by im-
munofluorescence assay (Figure 6F–H). In addition, autop-
hagosome formation was detected in GM130−/− lung ATII
cells (Figure 6I). Overall, these results suggest that loss of
GM130 triggers autophagy in pulmonary epithelial cells.
We then examined whether autophagy contributes to the

impaired SPs secretion in GM130-deficient mice. MEFs
were treated with rapamycin (RAPA, an immunosuppressant
that induces autophagy by inhibiting mTOR protein kinase),
chloroquine (CQ, a lysosomal inhibitor that blocks autop-
hagy by inhibiting lysosomal degradation) or a typical PI3K/
Akt pathway inhibitor wortmanine (Wort, inhibition of au-
tophagosomes formation). As previously reported (Klionsky
et al., 2016), an increased expression of LC3 in RAPA- and
CQ-treated cells, while a decreased LC3 expression, were
detected in Wort- treated GM130+/+ and GM130−/− MEFs
(Figure S5A in Supporting Information). However, after 48 h
of GFP-SPs transfection and chemical treatment, GFP-SPs
signals were barely detected within GM130+/+ cells, we still
observed aggregated cluster-like signals (GFP-Sftpb and
GFP-Sftpc) and scattered punctate signals (GFP-Sftpd) in
GM130−/− MEFs (Figure S5B–D in Supporting Informa-
tion), the same GFP-SPs expression pattern as in DMSO-
treated GM130−/− cells. Moreover, knock out of autophagy-
related gene 5 (Atg5) by siRNA also had very little effect on
GFP-SPs secretion in MEFs (Figure S6A–D in Supporting
Information). These observations indicate that the effects of
GM130 on autophagy are independent of its effects on SPs
secretion.

Surfactant repletion partially rescues the enlarged air-
space defects in GM130-deficient mice

To determine whether a decrease in SP secretion contributes to

Figure 5 GM130 knockout induces Sftpb and Sftpc accumulation in GA in ATII epithelial cells. A and B, Representative double-immunostaining images of
P28 lung sections generated using indicated antibodies. Note that Sftpb (A) and Sftpc (B) are colocalized with the cis-Golgi marker Golgin-84 and trans-
Golgi marker TGN38 in ATII epithelial cells and are not colocalized with the lamellar body marker CD107a. Scale bars: 2 µm. C, Quantification of
endogenous Sftpb and Sftpc fluorescence intensity in GM130+/+ and GM130−/− ATII cells. Values are the mean±SD. n>20 cells from 3 independent
experiments; **, P<0.01 (Student’s t-test).
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the developmental airspace defects in GM130-deficient mice,
we administered CALSURF (calf pulmonary surfactant for
injection) to neonatal GM130+/+ and GM130−/− mice. CAL-
SURF is a natural bovine lung extract containing phospholi-
pids, cholesterol, triglycerides, free fatty acids, and surfactant-
associated proteins (Sftpb and Sftpc). CALSURF is com-
monly used in clinical practice for the treatment and preven-
tion of neonatal respiratory distress syndrome (RDS). In our
experiment, newborn mice were treated intratracheally with
CALSURF for 3 days, and the control groups were treated
with an equivalent volume of PBS. Administration of CAL-

SURF to GM130+/+ mice had no effect on alveolar airspaces
(Figure 7A and B). However, treatment of GM130−/− mice
with CALSURF significantly decreased airspaces compared
to that in the PBS-treated control groups (Figure 7A and B)
suggesting that a decrease in SP secretion contributes to en-
larged lung airspace in GM130-deficient mice.

DISCUSSION

The results of this study demonstrate that cis-Golgi matrix

Figure 6 Loss of GM130 triggers autophagy in lung ATII cells. A, Western blot analysis of ER stress-associated proteins. XBP1 (inactive XBP1, 33 kD;
active XBP1, 54 kD), Bip, and IRE1. B and C, Quantification of Sftpc+ TUNEL+ cells (B) and Sftpc+ cells (C) in the lung sections of GM130+/+ and GM130−/−

mice. n=4 animals per group. Data are presented as the mean±SD. n.s., not significant. D, Representative Western blot images showing the expression levels
of LC3-I and LC3-II in the lung tissues of GM130+/+ and GM130−/− mice at the indicated developmental stages. E, Quantification of LC3-II protein levels.
Data was normalized to GAPDH expression levels. Values are the mean±SD. n=5 biological replicates; *, P<0.05; **, P<0.01 (Student’s t-test). F,
Representative immunostaining images showing an increase in LC+ cells in the lungs of GM130−/− mice. Scale bars: 10 µm. G and H, Quantification of
Sftpc+LC3-II+ cells (G) and LC3-II+ cells (H). Data are presented as the mean±SD. n=5 animals per group. *, P<0.05; **, P<0.01 (Student’s t-test). I,
Representative TEM images of the lungs of GM130+/+ and GM130−/− mice. White arrowhead indicates the autophagosome. Scale bars: 0.5 µm.
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protein GM130 is required for maintenance of the Golgi
ribbon-like structure and SP secretion in pulmonary epithe-
lial cells. GM130 deletion resulted in the fragmentation of
the GA structure and accumulation of three SPs within lung
ATII cells, whereas Sftpd secretion was not impaired (Figure
8). As a consequence of disrupted SP secretion, GM130
knockout mice manifest the enlarged pulmonary airspace
phenotype. Thus, our findings demonstrate that mammalian
GA is an indispensable organelle that selectively influences
SP secretion.
GA is a highly organized dynamic organelle at the center

of the intracellular secretory pathway. Posttranslational
modification and trafficking of secretory cargo proteins and
lipids are the most important roles of GA (Wong and Munro,
2014). Basic structure of GA is represented by a stack of
closely aligned flattened cisternae (Ladinsky et al., 1999).
Structural integrity of GA is maintained by a family of Golgi
matrix proteins (Munro, 2011), microtubule-based proteins
(Allan et al., 2002; Marra et al., 2007), and vesicle-traf-
ficking proteins (Martínez-Alonso et al., 2013; Yeong,
2013). Golgi dynamics and function have been extensively
studied using in vitro models (Helenius and Aebi, 2001; van
Meer, 1998; Paladino et al., 2014); however, the mechanisms
of Golgi-dependent secretion and regulation of the stacked
Golgi structure and function in mammals are poorly under-
stood. In the present study, we provide evidence that GM130
deficiency leads to impaired SP secretion as a consequence
of the disruption of the GA ribbon-like structure. GM130
knockout mice manifest epithelial cell autophagy and en-
larged airspace phenotypes. To the best of our knowledge,
our study is the first to identify an intriguing molecular
mechanism of the effect of GM130 on ATII cell function
mediated by the control of the surfactant protein concentra-
tion during postnatal lung development.
Our finding that GA fragmentation induced by GM130

deficiency selectively blocks SP secretion is unexpected.

Sftpa was the only SP trapped in the ER suggesting that its
transport from the ER to GA requires GM130. D’Angelo et
al. (2009) reported that the GM130-GRASP65 complexes
regulate ER-to-GA transport through certain C-terminal va-
line motifs (C-TVM)-containing cargo molecules. However,
Sftpa does not contain C-TVM suggesting that an alternative
mechanism is involved in the ER-to-GA transport of Sftpa in
ATII cells. It is unclear why Sftpa is trapped in the ER, while
Sftpd is transported normally. This phenomenon may be
explained by synergistic transport of Sftpa together with li-
pids (DPPC, phosphatidylcholine, etc.) (Froh et al., 1993;
Qua Hiansen et al., 2015), and Sftpd does not require sur-
factant lipids for intracellular processing and transport. Both
Sftpb and Sftpc proteins are posttranslationally modified in
the GA. Pro-Sftpb is glycosylated at Asn129 and Asn311

(Guttentag, 2008), and pro-Sftpc is dipalmitoylated at Cys28

and Cys29 (D’Angelo et al., 2009). Notably, previous studies
have demonstrated that these modifications are necessary for
intracellular protein transport because their absence inhibits
the enzymatic cleavage of pro-SPs into mature Sftpb and
Sftpc (Baumgart et al., 2010; ten Brinke et al., 2001). In
GM130-deficient MEFs and ATII cells, full-length pro-pro-
teins accumulated in the GA implying that Sftpb and Sftpc
are trapped in the GA before cleavage. The accumulation of
Sftpb and Sftpc can be explained by failed protein mod-
ifications due to structural disruption of GA; thus, un-
modified pro-proteins cannot be transported from the GA to
MVBs and cannot be enzymatically cleaved to produce
mature proteins. This hypothesis is supported by the fact that
knockdown of GM130 in HeLa cells disturbs the uniform
distribution of Golgi enzymes and inhibits the glycosylation
of secretory proteins (ten Brinke et al., 2002; Puthenveedu et
al., 2006). Alternatively, it is possible that pro-proteins were
properly modified, but the GA-to-MVB transport is im-
paired. Additional studies are needed to investigate these
possibilities.

Figure 7 (Color online) PS administration partially rescues the enlarged alveolar airspace developmental defects in GM130−/− mice. A, Representative
images of H&E-stained lung sections showing that an increase in the alveolar spaces in GM130−/− mice is partly rescued after PS treatment. Scale bars:
100 µm. B, Quantification analysis of MLI in GM130+/+ and GM130−/− mice. Data are presented as the mean±SD. *, P<0.05; **, P<0.01 (one-way ANOVA
with Tukey’s test).
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In the adult lung, alveolar surfactants are tightly regu-
lated and maintained through the balance of synthesis,
secretion, and recycling by ATII cells (Wang et al., 2019).
Alterations in SP concentration or function are often as-
sociated with severe respiratory pathologies, such as RDS
(Orgeig et al., 2010; Whitsett et al., 2015). Previous studies
suggested that GA is involved in SP secretion because
disruption of the GA structure by brefeldin A completely
blocks SP transport in cultured ATII cells (Wang et al.,
2007). However, due to the lack of corresponding animal
models, the physiological effect of GA structure on SP
secretion, ATII cell function, and pulmonary development
remains unknown. The results of this study demonstrate
that disruption of the mammalian GA structure induced by
GM130 deficiency selectively inhibits SP secretion in vivo.
Moreover, GM130 knockout mice show RDS-like pheno-
types, such as reduced SP secretion and enlarged airspaces.
Treatment of GM130−/− mice a drug used in clinical
practice for RDS therapy significantly rescues the en-
largement of airspaces. These discoveries provide new
insight into the significance of GA in mammals. Therefore,
GM130 knockout mice may be a potentially valuable ani-
mal model for investigation of RDS.

MATERIALS AND METHODS

Animals

GM130fl/fl and GM130−/− mice were generated as described
previously (Liu et al., 2017). Lung epithelial-specificGM130
knockout mice (GM130epko) were generated by crossing
GM130fl/fl mice with SPC-rtTA (Tichelaar et al., 2000) and

TetO-Cre mice (Sauer, 1998). Administration of doxycycline
started from E6.5 and ended by feeding pregnant mice
625 mg kg−1 doxycycline-containing food. A total of 3 doses
of CALSURF (NMPN H20052128; 100 µg kg−1 body
weight) were used for the treatment of GM130+/+ and
GM130−/− mice. The first dose was given at P0, and the
following 2 CALSURF doses were given at 24 h intervals on
subsequent days. All C57BL/6 mice used in this study were
genotyped by genomic DNA PCR using the primers listed in
Table S1 in Supporting Information.

Immunofluorescence staining, imaging, and quantifica-
tion

Immunofluorescence staining was performed as described
previously (Li et al., 2018). Briefly, samples were blocked
in PBS containing 5% BSA (Amersco, USA) and 2% nor-
mal goat serum (NGS, Cell Signaling Technology, USA)
for 2 h at room temperature. After blocking, the samples
were incubated with primary antibodies overnight at 4°C
followed by 1 h incubation with appropriate secondary
antibodies and counterstaining with DAPI (Beyotime Bio-
technology, Shanghai, China). The antibodies used in the
study are listed in Table S2 in Supporting Information.
Images were acquired using a Leica TCS SP8 confocal
microscope. ImageJ software was used for quantification of
fluorescence intensity.

LC MS/MS analysis and Western blotting

MS/MS was performed as described previously (Li et al.,
2015). Briefly, specific protein bands were cut for in-gel

Figure 8 (Color online) Scheme of the effects of GM130 on the morphology of Golgi apparatus and SP secretion. In mature ATII cells (left), SPs are
transported from the ER to GA. Sftpb and Sftpc are further transported from the GA to LB via MVBs and secreted by alveoli with lipid components. Sftpa
and Sftpd are secreted directly through the GA in an LB-independent manner. In GM130-deficient ATII cells (right), the GA structure is fragmented, and SP
secretion is compromised. Specifically, Sftpa accumulates in the ER, and Sftpb and Sftpc are trapped in the GA, whereas Sftpd secretion is increased.
Disrupted SPs and lipid secretion are likely to contribute to the enlarged airspace phenotype in GM130 knockout mice.
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trypsin digestion, and the resulting peptides were subjected
to LC MS/MS (liquid chromatography and tandem mass
spectrometry) analysis. The acquired MS/MS spectra were
extracted and analyzed. The identified pro-Sftpb and pro-
Sftpc peptides were further validated by manual inspection
of their MS/MS spectra. Western blotting was performed as
described previously (Ying et al., 2015) using antibodies
listed in Table S2 in Supporting Information.

Plasmid construction and MEF transfection

To express SPs with N-terminal GFP, full-length mouse SP
cDNAs were cloned into the pEGFP-N3 plasmid. The primer
sequences used in the study are listed in Table S1 in Sup-
porting Information. Transfections were performed using
Lipofectamine 2000. MEFs harvested from GM130+/+ and
GM130−/− mice were incubated with the transfection reagent
and DNA for 5 h, washed and cultured in DMEM supple-
mented with 10% fetal bovine serum medium in an incubator
at 37°C and 5% CO2 for the indicated time periods. To in-
duce or block autophagy, the cells transfected with GFP-SPs
were cultured with medium containing 5 mmol L−1 rapa-
mycin (Solarbio, Beijing, China), 50 nmol L−1 chloroquine
(Sigma-Aldrich, USA) or 100 nmol L−1 wortmanine (Mei-
lunbio, Dalian, China) for 48 h. The mouse Atg5 siRNA and
scramble siRNA were produced by GenePharma Company
(Shanghai, China). The target sequence for Atg5 as follows:
5′-GACGUUGGUAACUGACAAATT-3′ and 5′-UUUGU-
CAGUUACCAACGUCTT-3′. Cells were fixed with 4%
paraformaldehyde for 20 min before the immuno-
fluorescence staining assay.

Gomori aldehyde-fuchsin staining and H&E staining

For Gomori aldehyde-fuchsin staining, paraffin lung sections
(5 µm thickness) were deparaffinized and rehydrated. The
sections were oxidized for 5 min in 5% potassium perman-
ganate, incubated with 2% oxalic acid, blanched for 2 min,
and dipped in 70% alcohol for 1 min. Finally, the samples
were stained in Gomori aldehyde-fuchsin staining buffer for
15 min. H&E staining was performed as described pre-
viously (Ying et al., 2015).

Electron microscopy analysis

Mice were perfused with 1% paraformaldehyde and 2.5%
glutaraldehyde, and the tissues were fixed in 2.5% glutar-
aldehyde and then in 1% OsO4 for 2 h on ice; the samples
were dehydrated in graded acetone solutions and embedded
in Embed 812. Ultrathin sections (65 nm) were stained with
2% uranyl acetate for 30 min and lead citrate for 10 min.
Samples were imaged using a 120 kV electron microscope
(JEM America Corp., USA).

Collection of BAL fluid and lipidomic analyses

To retrieve BAL fluid, eight-week-old mice were anesthe-
tized and perfused with PBS; tracheas were exposed and
cannulated with a blunt needle. BAL was performed by in-
jecting 0.75 mL of PBS and withdrawing as much fluid as
possible. The procedure was repeated 3 times, and the BAL
fluid samples were pooled. After centrifugation (300×g,
5 min, 4°C), the supernatants were used for Western blot and
lipidomic analysis.
Lipidomic analyses were performed as described pre-

viously (Song et al., 2020). Briefly, lipids were extracted
from BAL and lung fractions using a modified Bligh and
Dyer extraction procedure and dried in a SpeedVac under the
on/high mode. Extracted lipids were processed using a high-
coverage targeted lipidomics approach. All lipidomic ana-
lyses were performed on an Exion LC system coupled with a
QTRAP 6500 PLUS system.

RNA extraction and quantitative RT-PCR

Total RNA was prepared using TRIzol reagent (Ambion,
USA) and reverse transcribed with a FastQuant RT Kit
(TIANGEN, Beijing, China) according to the manufacturer’s
protocol. qPCR was performed using SYBR Green in an
Agilent Technologies Strata GeneMx3000P system follow-
ing the manufacturer’s instructions. GAPDH was used as an
internal control. Primers for amplification are listed in Table
S1 in Supporting Information.

Statistical analysis

All experiments were repeated at least three times, and all
results are presented as the mean±standard deviation. For
MLI quantification, data were assessed by digital morpho-
metry using the NIS Elements software. A two-tailed Stu-
dent’s t-test was used for the comparison of two independent
groups. For experiments with more than two groups, one-
way ANOVA was performed with appropriate multiple
comparisons as described in the figure legends. A nonpara-
metric Kruskal-Wallis test was used for lipidomic analysis.
All statistics are representative of biological replicates. *,
P<0.05; **, P<0.01.
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